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(57) A high speed optical communication system (> 
10Gbit/s) is compensated for temperature variation by 
providing it with one or more automatic dispersion com- 
pensation modules (20). Each module (20) has an 
adjustable dispersion element (30), a data integrity 
monitor (31) and a feedback network (32) whereby the 
monitor (31 ) adjusts the dispersion element (30) to com- 
pensate for temperature variation. In a preferred 
embodiment the dispersion compensating modules 



comprise chirped fiber Bragg gratings in which the chirp 
is induced in the grating by passing a current along dis- 
tributed thin film heaters deposited along the length of 
the fiber. The magnitude of the applied current deter- 
mines the dispersion of the grating. A data integrity 
monitor is configured to sense the integrity of transmit- 
ted data and to provide electrical feedback for control- 
ling the current applied to the grating. 
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Description 

Cross Reference To Related Applicatl n 

5 [0001] This is a continuation-in-part of United States Patent Application, S.N. 09/252,708, filed by B. Eggleton et 
a!. f on February 18, 1999 and entitled "Optical Communication System Incorporating Automatic Dispersion Compensa- 
tion Modules". 

Field Of The Invention 

10 

[0002] The present invention relates to an optical fiber communication system incorporating automatic dispersion 
compensation modules in order to compensate for temperature induced variations in the dispersion of the fiber. 

Background Of The Invention 

15 

[0003] Optical fiber communication systems are beginning to achieve their great potential for the rapid transmission 
of vast amounts of information. In essence, optical fiber system comprises a source of information-carrying optical sig- 
nals, an optical fiber transmission line for carrying the optical signals and a receiver for detecting the optical signals and 
demodulating the information they carry. Optical amplifiers are typically located along the line at regular intervals, and 

20 add/drop nodes are disposed at suitable locations for adding and dropping signal channels. 

[0004] Variations in the temperature of an optical fiber can affect its transmission properties. Optical communication 
systems are usually based on high purity sitica optical fiber as the transmission medium. Variations in temperature 
change the group velocity dispersion (GVD) of silica fiber, subjecting different wavelength components to slightly differ- 
ent propagation time delays. Such dispersion can give rise to undesirable distortion of transmitted light pulses which, in 

25 turn, can limit bandwidth and/or transmission distances. 

[0005] As the bit rate of optical fiber communications systems increases, the effect of temperature variations 
becomes increasingly significant. An optical transmission fiber is typically subjected to temperature variations on the 
order of 30-40 C. At present bit rates of 10 Gbit/s temperature variations have relatively little effect. But the effect of tem- 
perature variations on dispersion scales with the square of the bit rate. Thus in contemplated systems having four times 

30 the current bit rate (contemplated 40 Gbit/s systems), the effect of temperature variation increases by a factor of sixteen 
to become a formidable challenge to the operation of the system. 

[0006] This challenge can be illustrated by a simple numerical example. While the magnitude of the temperature- 
induced variation in dispersion varies from fiber to fiber, a good estimate of the effect is 0.0025 ps/(nm • Km)/C (See 
W.H. Hatton et aL, Temperature dependence of chromatic dispersion in single mode fibers", J. of Lightwave Techn.. 
35 Vol. LT-4, pp. 1552-55 (1986). Proposed 40 Gbit/s fiber communication systems involve fiber spans of 1000 Km which 
are subjected to temperature variation of 30C. Such a system would be subjected to a temperature induced change in 
dispersion of about 60 ps/nm. This change would cause serious degradation of the 40 Gbit/s system. In a faster 100 
Gbit/s system the impact of even a few degrees in temperature variation would be enormous. 

[0007] A proposed solution to temperature variation was set forth by Kuhwahara et aL in "Adaptive Dispersion 
40 Equalization by Detecting Dispersion Fluctuations Using PM-AM Conversion", Electronic Letters. Vol. 34, p. 1956 
(1998). Kuhwahara et at. recognized that temperature variation induced changes in dispersion would be critical, and 
they proposed that the dispersion be equalized by wavelength tuning of the signal wavelength. In other words, they pro- 
posed that the total dispersion for a given channel be maintained by adjusting the wavelength of the transmitter in 
response to dispersion variation. 
45 [0008] The difficulty with the Kuhwahara proposed is that an optical fiber communication system contains many 
components that are highly wavelength dependent. Kuhwahara would require all these components, including add/drop 
filters and demultiplexers, to track unpredictable changes in the signal wavelength. This is unacceptable in a high speed 
WDM fiber communication system. 

[0009] Accordingly there is a need for an optical fiber communication system which can compensate temperature 
so induced changes in dispersion without changing basic network parameters. 

Summary Of Invention 

[0010] A high speed optical communication system (> 10Gbit/s) is can be compensated for temperature variation 
55 by providing it with one or more automatic dispersion compensation modules. Each module has an adjustable disper- 
sion element, a data integrity monitor and a feedback network whereby the monitor adjusts the dispersion element to 
compensate for temperature variation. In a preferred embodiment the dispersion compensating module comprises a 
controllable chirped fiber Bragg grating in which the chirp is induced in the grating by passing a current along distributed 
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thin film heaters deposited along the length of the fiber. The magnitude of the applied current determines the dispersion 
of the grating. A data integrity monitor is configured to sense the integrity of transmitted data and to provide electrical 
feedback for controlling the current applied to the grating. 

5 Brief Description Of The Drawings 

[0011] The nature, advantages and various additional features of the invention will appear more fully upon consid- 
eration of the illustrative embodiments now to be described in connection with the accompanying drawings. In the draw- 
ings: 

10 

Fig. 1 schematically depicts an optical fiber communication system comprising one or more automatic dispersion 
compensation modules according to the invention; 

Fig. 2 shows an exemplary adjustable dispersion compensating element for use in the module of Fig. 1 ; 

15 

Figs. 3-9 are graphical illustrations useful in understanding the operation of the adjustable dispersion compensating 
element of Fig. 2; and 

Figs. 10-1-2 schematically depict exemplary data integrity monitors for use in the module of Fig. 2. 

20 

[0012] It is to be understood that these drawings are for purposes of illustrating the concepts of the invention and, 
except for the graphs, are not to scale. 

Detailed Description 

25 

[0013] This description is divided into three parts. Part I describes an optical communication system employing an 
automatic dispersion compensating module. Part II describes exemplary adjustable dispersion compensating gratings 
for the module, and Part III describes exemplary data integrity monitors for the module. 

30 1 . High Speed Communication System With Automatic Dis persion Compensation Module To Compensate for Temper- 
ature Variations 

[0014] Referring to the drawings, Fig. 1 shows schematically an exemplary high speed optical communication sys- 
tem including one or more automatic dispersion compensation modules 20 to compensate for temperature variations. 
35 The system comprises, in essence, a high speed (> 10 Gbit/s) optical transmitter 10, a transmission fiber path 1 1 and 
an optical receiver 12. The system is subject to temperature variation, typically > 30 C, which in the absence of com- 
pensation would produce unacceptably high dispersion induced pulse broadening which would deteriorate the quality 
of transmitted information. To prevent such deterioration, the system is provided with one or more automatic dispersion 
compensation modules 20. 

40 [001 5] The transmission path 1 1 typically comprises conventional optical transmission fiber, and optionally com- 
prises one or more optical amplifiers 13 (typically erbium amplifiers) 

[0016] Each automatic dispersion compensation module 20 comprises an adjustable dispersion compensator 30, 
a data integrity monitor 31 and a feedback network 32 whereby the monitor 31 adjusts the dispersion compensator 30 
to optimize system performance. In this exemplary module, the adjustable dispersion compensator 30 comprises an 
45 optical circulator 32 coupled to the transmission fiber and an adjustable dispersion compensating grating (DCG) 33. 
The monitor 31 can comprise an optical receiver coupled to the transmission line and a data processor for deriving a 
feedback control signal from the received signal. 

[0017] In operation, a portion of the signal on the transmission fiber 1 1 is sampled as by tap 34. The signal is ana- 
lyzed to provide a measure of the integrity of transmitted data, and the measure controls a feedback signal to control 
so the adjustable DCG 33. If redundant coded data is transmitted, the analysis can be as simple as a threshold level cho- 
sen to be highly sensitive to errors in the system. Feedback is chosen to minimize the error rate. The redundant coding 
can be error detection signals already used in optical transmission such as the bit-interleaved parity 8 error detection 
codes in the B-octets of the Sonet protocol. 

[0018] In the adjustable dispersion compensator 30, signal light from the transmission fiber 1 1 enters one port of 
55 the circulator 32 and is directed to an adjustable DCG 33 at a second port. The adjustable DCG 33 in this example is 
an adjustable Bragg grating operating in reflection mode. The compensated signal light is reflected back to the circula- 
tor 32 from which it is directed to a subsequent segment of the transmission fiber 1 1 . 

[0019] The adjustable DCG 33 can be any one of a variety of adjustable dispersion grating devices including grat- 
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ings having chirp adjustable by tapered resistive heaters, by tapered strain relief, or by magnetically adjustable strain. 
Resistive heater adjustable dispersion grating devices are described in Eggleton et al. , United States Patent Application 
Serial No. 08/183,048 entitled "Optical Grating Devices With Adjustable Chirp" filed October 30, 1998. Magnetically 
adjustable devices are described in S. Jin et a/., U.S. Application Serial Number 09/159,178 entitled Tunable Disper- 
5 sion Compensator and Optical System Comprising Same filed September 23, 1998, both of which are incorporated 
herein by reference. 

[0020] The data integrity monitor 31 can be any one of several types of monitors capable of sensing the level of sys- 
tem performance in maintaining the quality of transmitted data. Such performance can be sensed indirectly, as by anal- 
ysis of the transmitted spectrum, or directly as by analysis of error rates. 

It. Adjustable Dispersion Compensating Gratings 

[0021] Fig. 2 illustrates an exemplary adjustable DCG 33 useful in the embodiment of Fig. 1. The grating 40 com- 
prises a sequence of index perturbations 41 in a fiber 42 spaced to form an apodized Bragg grating. The grating 40 is 
15 disposed in thermal contact with an electrically controllable heat-transducing body 43, which can be a heat-generating 
body or a body which actively removes heat. The body 43 is typically a heat-generating body such as a resistive film on 
the fiber. The body 43 can linearly vary in resistance along the grating 40 to provide linearly varying heating of the grat- 
ing and thus produce a linear chirp. This variation in resistance can be achieved, for example, by varying the thickness 
of the body 43 along the grating. A pair of electrodes 44, 45 provides electrical contact with wires 46, 47 from an elec- 
ta trical source 48, such as a source contained in the monitor feedback circuit. Advantageously, the grating 40 is enclosed 
in a cylindrical tube about 1 cm in diameter for thermal isolation. The structure, fabrication and operation of such ther- 
mally adjustable grating is described in greater detail in Eggleton et al, United States Patent Application S.N. 
08/183,048, filed October 30, 1998 and entitled Optical Grating Devices With Adjustable Chirp which is incorporated 
herein by reference. 

25 [0022] The following is a specific exampie of the design and analysis of a specific adjustable grating 40. 
Example 

[0023] We present detailed results on a fiber grating device that provides constant dispersion over its bandwidth 
30 and that can be dynamically adjusted by varying an applied voltage. This device relies on a linear temperature gradient 
induced along the length of the grating by resistive heating in a metal coating whose thickness varies inversely with 
position along the length of the fiber. The chirp rate, and thus the dispersion, is controlled by varying the applied current. 
Numerical modeling and experimental evidence confirms that, to a very good approximation, the temperature varies lin- 
early along the length of the grating and the resulting chirp is linear. We demonstrate experimentally continuous tuning 
35 of the dispersion from 300 ps/nm to 1350 ps/nm, with less than 1 W of electrical power. Measurements of the grating 
dispersion characteristics reveal a group delay ripple with an average deviation from linearity of approximately 10 ps, 
indicating that the device would be well suited to operation in 10 Gbit/s lightwave systems. In the following we describe 
the principle of operation of this device, present a simple model for prescribing the chirp as well as more detailed 
num rical simulations of heat flow through such structures, and finally summarize some optical measurements of the 
40 devices. 

[0024] The device consists of an unchirped, apodized fiber Bragg grating that is coated with a thin film of metal 
whose thickness varies along the length of the grating. Current flowing through the film generates local resistive heating 
in a manner that is determined by the thickness of the film. Control over the film thickness, therefore, allows considera- 
ble control over the temperature profile and, in turn, the chirp of the grating. If we assume, for simplicity, that (i) the tem- 

45 perature distribution in the core of the fiber follows the distribution of heating power produced by the resistive film (i.e. 
the flow of heat along the length of the fiber does not seem to cause the shape of the temperature distribution to deviate 
strongly from the distribution of heating), (ii) the increase in temperature is linearly related to the heating power (i.e. the 
flow of heat out of the fiber is approximately linear even though radiation and convection are strictly non-linear proc- 
esses), and (iii) shifts in the Bragg resonance are linearly related to changes in temperature, then it is possible to derive 

so a simple expression that relates the chirp to the thickness profile. We first use of the fact that the local resistance, R(z), 
is inversely proportional to the thickness, t(z): 

R(z)~l/t(z) (2) 

55 

where z is the position along the grating. Given that the local power dissipated is given by, 



4 



EP 1 073 221 A1 



P(z) = l 2 R(z)> 



(3) 



and that the local temperature change is proportional to the power dissipated then we can write, 



5 



a?i b (z)~ aT(z) ~ I 2 /t(z) 



(4) 



where aA.b(z) is the local shift in the Bragg wavelength, aT(z) is the change in temperature, and / is the applied current. 
This equation represents a simple, approximate description of the behavior of these devices, and provides guidance for 
engineering tunable grating devices and the associated dispersion. For example, if we assume a thickness that varies 

w inversely with distance along the length of the grating (i.e. t(z) ~ l/z) then A XB(z)~~z corresponding to a grating in which 
the Bragg wavelength varies linear along its length. To a good approximation the dispersion of the grating is given by 
D = dAt/dA A, , where at = 2nL/c is the round trip time of the grating, n is the refractive index of the fiber, L is the length 
of the grating and c is the speed of the light in vacuum, and aA is the grating's bandwidth. Thus, using Eq. (4), and 
assuming the t(z) ~ l/z film profile, it is straightforward to show that the dispersion of the grating scales with the inverse 

15 square of the applied voltage or current, i.e. D - l/V 2 ~ l/l 2 . 

[0025] To treat the general case, without simplifying assumptions, we used non-linear finite element modeling to 
compute the steady state thermal distributions in operating devices with geometries like those described above. We 
assumed cylindrical symmetry, and solved the equation for thermal diffusion: 



where T(r t z) is the temperature and K(r) is the thermal conductivity. The calculations were performed for a two-material 
structure consisting of a glass fiber (diameter =120 u,m) coated with a tapered film of silver. Perfect thermal contact 
between the silver and the glass was assumed and continuity of normal heat flux normal was enforced at the boundary 

25 between the two materials. The calculations used adaptive mesh refinement and radiative and convective heat loss 
from the surface of the silver at rates given by cE(T 4 - T 4 ), and AfT-T^^ 4 respectively, where T is the temperature of 
the surface of the metal, T 0 is the temperature of the surroundings, o is the Stefan-Bo Itzm an n constant, E is the emis- 
sivity of the surface of the metal, and A is a constant that characterizes natural convection in air. The thickness of the 
metal coating varied between 5 and 20 microns and the size of simulated system along the length of the fiber was cho- 

30 sen large enough for the temperature distribution in the coated region to be insensitive to the boundary conditions at 
the ends of the fiber (temperature fixed to that of the surroundings). 

[0026] Figs. 3a-3d are useful in understanding the heating of the grating. Figure 3a illustrates a device with a film 
whose thickness is approximately inversely proportional to distance along the fiber. (For the purposes of simulation, we 
divided the coating into three linear segments to approximate a continuous coating whose thickness depends inversely 

35 on position.) Fig. 3b shows the computed temperature at the core of the device. The results for this particular system 
indicate that the simplifying assumptions described in the previous paragraph are valid at locations away from the ends 
of the coating (i.e. equation (4) is applicable at these locations). The dependence of the temperature on position at the 
ends of the coating provides a rough measure for the limits of validity of assumption (i) outlined in the previous para- 
graph. (See figs. 3 (c) and 3 (d). It reveals the extent to which thermal diffusion along the length of the fiber "smears out" 

40 the temperature distribution expected based solely on the geometry of the thin film heater. As Figs. 3c and 3d show, for 
this system, the effective axial thermal diffusion length is - 1 mm. This length is, however, a sensitive function of the 
precise rate of thermal transport out of and along the structure; direct experimental measurements will be required to 
obtain an accurate estimate of this quantity. 

[0027] Measurements were performed on devices that used gratings that were 8 cm in total length. The gratings 
45 were suitably apodized to reduce interference effects due to the sharp boundaries that are present in at the ends of uni- 
form Bragg gratings. They were fabricated in standard telecommunications fiber (containing germanium) which was 
appropriately hydrogen ated. 

[0028] Fig. 4 (a) shows optical measurements of the thickness of the film along the length of the fiber grating. For 
this particular sample, the thickness of the metal film varies from approximately 5 urn to 50 urn. The solid line is the tar- 
so get profile, which varies inversely with distance along the length of the fiber, and was designed to achieve a desired tem- 
perature excursion between the ends of the grating, for a prescribed current. The uncertainty in the measurement of the 
film thickness is of the order of 1 \im. Figure 4 (b) shows the deviation of the film thickness from the solid line shown in 
Figure 4 (a). For most of the length along the fiber grating, the deviation is comparable to the measurement uncertainty 
(1 jxm) and exceeds this value only near the end of the grating. 
55 [0029] Figure 5 (a) shows typical measured reflection spectra of the fiber grating device for increasing values of 
applied voltage: (i) 0V, corresponding to the grating in its unchirped state; (ii) 0.61 1 V; (iii) 0.82V and (iii) 1.1V. The uni- 
form broadening in the reflection spectrum arises from heating that varies monotonically and approximately linearly 
along the length of the grating. Note that there is also an overall shift in the center of the reflection peak that accompa- 



20 



v . (K(r)v( T(r,z))) = 0 



(5) 



5 



EP 1 073 221 A1 

nies the broadening. Figure 5 (b) shows the change in the width of the reflection peak as a function of the shift in the 
center wavelength of the reflection peak; the linearity of this data is consistent with the linear temperature d pendence 
of the device. In general, the shift is undesirable and thus would need to be compensated by mechanical strain or an 
additional source or sink of heat. 

5 [0030] Figures 6-9 illustrate the dispersive properties of the device. Rg. 6 shows the measured group delay of the 
device versus wavelength for an applied voltage of 1 V. The dashed line shows a linear fit to the data and has a slop 
of D = -353 ps/nm. Note that there is small structure in the group delay, shown clearly in Figure 7, which shows the devi- 
ation in the measured group delay from linearity. The peak-to-peak fluctuation is less than 10 ps. The resolution of this 
measurement was 0.005 nm and thus it is unlikely that any structure exists on a finer scale. This structure, which is typ- 

10 ical in chirped Bragg gratings similar in magnitude to the best results reported elsewhere and provides a measure of 
the quality of the gratings and of the applied chirp. 

[0031] The possible causes for the structure in the group are as follows: (a) imperfections in the grating fabrication 
process that can result in noise in the local effective index in the grating profile; (b) fluctuations in the fiber core diame- 
ter, which can give rise to small variations in the effective index of core mode and thus provide additional "noise" in the 

15 grating profile; (c) non-ideal apodization, which can result in undesired interference effects in the grating although this 
would appear as systematic ripple and thus is probably insignificant; and (d) deviations in the film thickness profile from 
the desired one, or nonuniformities in the resistivity or surface texture that give rise to undesired variations in tempera- 
ture. Although it is difficult at this point to determine definitively the dominant cause of fluctuations, Figure 5 (b) provides 
some indication that variations in film thickness may be important. It is worth noting that, as a percentage, the deviation 

20 in the measured coating thickness from strictly inverse dependence on length is somewhat larger than the deviation in 
the m asured group delay from linear. We speculate that thermal diffusion along the length of the fiber tends to "smooth 
out" slight non-uniformities in the distribution of heating power that occur on short length scales, and that this effect 
reduces the impact of small variations in thicknesses or other film characteristics. 

[0032] Figure 8 shows the measured group delay response of the grating device for different values of applied voft- 
25 age: (i) 0.53V, (ii) 0,61 1 V, (Hi) 0.72V, (iv> 0.82V, (v) 0.34 and (vi) 1 . 1 V. The figure illustrates the tunability of the disper- 
sion. Note that the "noise" in the measured group delay slightly increases for the larger dispersion values. Even for the 
largest dispersion value obtained, the deviation from linearity is only 20 ps. 

[0033] Figure 9 shows the measured group velocity dispersion as a function of applied voltage. The solid line is a 
theoretical fit to the data assuming that the dispersion scales with the inverse of the square of the applied voltage. The 
30 maximum dispersion measured was approximately D = -1350 ps/nm, corresponding to an applied voltage of 0.4V, and 
a corresponding electrical power of 0.4W. Increasing the applied voltage has the effect of increasing the temperature 
gradient and thus the bandwidth of the grating, which reduces the dispersion of the grating. 

[0034] The maximum applied voltage in this experiment was approximately 1.1V (approximately 1 W electrical 
power), which corresponds to a peak temperature close to 200 C. We note that this is well below the level at which reli- 

35 ability can become an issue. In particular, operating at high temperatures can have many practical implications, such 
as requiring higher initial index changes to offset the annealing, which is required to ensure the stability of the device. 
[0035] This work demonstrates a design for a fiber Bragg grating device that uses distributed on-fiber resistive heat- 
ers to achieve desired temperature distributions in the fiber and thus dispersion. The devices have attractive features 
that include power efficient operation, compact size, simple fabrication, and controllable optical properties. We demon- 

40 strated experimentally continuous tuning of the dispersion from -300 ps/nm to -1350 ps/nm, with an average deviation 
from linearity of approximately 10 ps. Previous research has shown that for optimum operation of a dispersion compen- 
sating grating, the average deviation from linearity in the measured dispersion, needs to be substantially less than the 
bit period, preferably of the order of 10%. The device presented here, with a measured group delay deviation from lin- 
earity of 10 ps, is thus well suited to operation in a 10 Gbit/s lightwave systems (bit period of approximately 100 ps). For 

45 operation at 40 Gbit/s, improvements in the design of the grating and metal coating are necessary in order to reduce 
the ripple even further. We note that the maximum achievable dispersion in the grating device is limited only by the 
absolute length of the grating and thus could be increased dramatically by using long fiber Bragg gratings. 
[0036] As mentioned previously, we speculate that limited axial thermal diffusion, which tends to "smooth out" the 
effects of slight variations in heating power that arise from small unwanted changes in coating thickness or other imper- 

50 tections that occur over short length scales (-1 mm), tends to improve the linearity of the group delay. 

Ml. Data Integrity Monitors 

[0037] Fig. 10 illustrates an exemplary data integrity monitor 20 useful in the embodiment of Fig. 1 comprising an 
55 optical filter 120, an optical-to-electrical converter (O-E converter) 121 and an RF spectrum processor 122. A data proc- 
essor 123 is provided for calculating the feedback control signal to the compensator. The filter 120 can be a channel 
filter, and the O-E converter can be a photodiode. In operation, the filter selects a spectral region to be analyzed. The 
O-E converter 121 converts the filtered optical signal into a corresponding electrical signal. Spectrum processor 122 
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determines the RF spectrum of the O-E converted signal, and the data processor 123 analyzes the spectrum and cal- 
culates a generates a feedback signal for optimizing the system. A simple scheme for spectrum optimization involves 
- minimizing the low frequency components. A description of how to generate such an optimizing feedback signal can be 
found in F. Heismann era/., "Automatic Compensation of First Order Polarization Mode Dispersion in a 10 Gb/s Trans- 

5 mission System" . Proceedings ECOC. -98, pp. 529-530 (1998). 

[0038] The advantage of this particular monitor is that it does not require a receiver or calculation of the error rate 
of the received data. The feedback control signal can be generated without extracting the electrical data and clock of 
the optical signal. An optional or supplementary feature is to provide a remotely located dispersion compensator 30' 
which can be remotely controlled based on the feedback signal. 

10 [0039] Figure 11 shows an alternative embodiment of a monitor 20 using forward error detection. Here feedback 
signal generation can be built into a receiver terminal. The monitor comprises an optical filter 120, an O-E converter 
1 21 , a data-clock recovery circuit 1 30, and an error detection circuit 1 31 , all of which are typically found in a receiver. It 
further comprises a data processor 1 32 for calculating the error-rate and generating an optimizing feedback control sig- 
nal based thereon. The feedback control signal is to optimize data integrity through the system, i.e. to minimize errors. 

15 [0040] In operation, the optical data of each wavelength channels carry overhead bits for a forward error correction 
algorithm. Typically this algorithm will be implemented as a Reed Solomon forward error correction code (see for exam- 
ple BAG. Lee, M. Kang and J. Lee, "Broadband telecommunication technology", Artie House, 1 993 on forward error cor- 
rection algorithms including the Reed Solomon code and their implementation). The optical wavelength channels pass 
through the variable dispersion compensator, which can be co-located with the receiver terminal, or placed remotely 

20 from the terminal. In the latter case, the control signal to the dispersion compensator is transmitted to the remote dis- 
persion compensator 30' via a management signaling system. At the terminal, the signal is filtered optically to select a 
specific wavelength channel. The data are converted into the electrical domain in the O-E converter and the clock and 
data are extracted from the received wavelength channel. The recovered data are passed to the error correction circuit, 
where, based on the implementation of the error correction algorithm, data are corrected and passed to the output of 

25 the receiver terminal. The error correction circuit also provides information on the number of bits that were corrected in 
a certain time period. Based on this number, the bit-error rate - before error correction - can be calculated correspond- 
ing to the present value of the control signal applied to the dispersion compensator. By comparing the present error- 
rate and control signal with the error-rate and control signal corresponding to a previous setting of the control signal, 
the ratio D error rate /D control signal can De derived. This ratio tells how much the control signal should be changed to min- 

30 imize the bit error rate, and in what direction. The calculated control signal is applied to the dispersion compensator, 
and a new bit error rate is measured and used to calculate a new control signal. 

[0041] Fig. 12 shows another embodiment of a monitor 20 which does not require error correction algorithms but 
rather uses the error detection capability of the framing format used to carry the data. This monitor differs from that of 
Fig. 1 1 primarily in the programming of the data processor 132. One example of such framing format is SONET which 

35 provide error detection (but not correction) via the B octets in the SONET frame. Thus, the error rate can be calculated 
by accessing and processing the B octets in the SONET frame. The implementation of the feedback signal generation 
is similar to the implementation described for Figure 12. This implementation of the error rate detection and feedback 
signal generation works for any signaling protocol where the data are packaged in frames and the frames contains error 
detection (or even error correction) information. Examples of such transmission protocols include ATM where the error 

40 rate can be obtained by processing the HEC byte and FDDI, where the presence of transmission errors is indicated in 
the frame status section of the FDDI frame. Thus the error detection circuit can detect errors in an ATM format or in an 
FDDI format. 

[0042] It is to be understood that the above-described embodiments are illustrative of only a few of the many pos- 
sible specific embodiments which can represent applications of the principles of the invention. Numerous and varied 
45 other arrangements can be made by those skilled in the art without departing from the spirit and scope of the invention. 

Claims 

1. In an optical fiber communication system comprising an optical transmitter for providing at least one optical signal 
50 channel, an optical fiber transmission path, and an optical receiver, said system having a transmission rate > 10 

Gbit/s and subject to dispersion due to temperature variation, the improvement comprising: 

at least one automatic dispersion compensation module coupled to said transmission path, said module com- 
prising an adjustable dispersion compensating element, a data integrity monitor for monitoring the integrity of 
55 data transmitted on the system, and a feedback circuit from said monitor to the adjustable dispersion compen- 

sating element for adjusting the element to optimize data integrity through the system. 

2. The system of claim 1 wherein said adjustable dispersion compensating element comprises a Bragg grating with 
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adjustable chirp. 

3. The system of claim 1 wherein said adjustable dispersion compensating element comprises a Bragg grating with 
thermally adjustable chirp. 

5 

4. The system of claim 1 wherein said adjustable dispersion compensating element comprises a Bragg grating with 
magnetically adjustable chirp 

5. The system of claim 1 wherein said data integrity monitor comprises a spectrum processor for analyzing the spec- 
w trum of a transmitted signal, and a data processor for calculating an optimizing feedback signal based on said spec- 
trum. 

6. The system of claim 1 wherein said data integrity monitor comprises an error detection circuit for detecting errors 
in the transmitted signal, and a data processor for calculating an optimizing feedback signal based on said errors. 
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7. The system of claim 1 wherein said error detection circuit comprises a forward error correction circuit. 

8. The system of claim 7 wherein said error correction circuit utilizes a Reed Solomon forward error correction algo- 
rithm. 



9. The system of claim 6 wherein said error circuit detects errors in the framing format used to carry data. 

10. The system of claim 9 wherein said error detection circuit detects errors in a SONET format. 
25 11. The system of claim 3 wherein said error detection circuit detects errors in an ATM format. 

12. The system of claim 9 wherein said error detection circuit detects errors in an FDD I format. 

13. The system of claim 1 wherein said optical transmitter comprises a multiwavelength optical transmitter for providing 
30 a plurality of wavelength-distinct optical signal channels, and said receiver comprises a multiwavelength optical 

receiver. 
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FIG. 2 
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FIG. 3A 
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FIG. 4 A 
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FIG. 5A 
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